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Involvement of LIMK1/2 in actin assembly during mouse embryo development
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ABSTRACT
LIMKs (LIMK1 and LIMK2) are serine/threonine protein kinases that involve in various cellular
activities such as cell migration, morphogenesis and cytokinesis. However, its roles during mam-
malian early embryo development are still unclear. In the present study, we disrupted LIMK1/2
activity to explore the functions of LIMK1/2 during mouse early embryo development. We found
that p-LIMK1/2 mainly located at the cortex of each blastomeres from 2-cell to 8-cell stage, and
p-LIMK1/2 also expressed at morula and blastocyst stage in mouse embryos. Inhibition of LIMK1/2
activity by LIMKi 3 (BMS-5) at the zygote stage caused the failure of embryo early cleavage, and
the disruption of LIMK1/2 activity at 8-cell stage caused the defects of embryo compaction and
blastocyst formation. Fluorescence staining and intensity analysis results demonstrated that the
inhibition of LIMK1/2 activity caused aberrant cortex actin expression and the decrease of
phosphorylated cofilin in mouse embryos. Taken together, we identified LIMK1/2 as an important
regulator for cofilin phosphorylation and actin assembly during mouse early embryo
development.
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Introduction

Following fertilization, mammalian oocyte com-
pletes its second meiosis and forms zygote, which
is characteristic with female pronucleus and male
pronucleus formation [1]. Subsequently, embryo
undergoes successive cleavage and develops to 2-
cell, 4-cell, 8-cell, morula stage, and finally forms
blastocyst, showing with the presence of a fluid-
filled cavity and an inner cell mass (ICM) sur-
rounded by trophectoderm (TE). After 8-cell
stages, embryo undergoes two processes: compac-
tion and cavitation. During embryo compaction,
blastomeres increase intercellular flattening, form
tight junction, gap junctions and cytoskeletal con-
nections that finally develop to polarized intracel-
lular structures [2–4]. Failure of compaction could
lead to embryonic death [5–7]. After morula for-
mation, one or more small cavities form between
blastomeres. These cavities are derived from intra-
cellular vesicles which are secreted by the exocy-
tosis of external blastomeres [8]. Once cavities
form, cavities continually expand and fuse with
each other to form a blastocyst. During the morula
to blastocyst transition, Na/K-ATPase regulates

fluid movement across the trophectoderm, result-
ing in the formation of the fluid-filled blastocoelic
cavity. Meanwhile, the transcription factors are
essential to generate TE and ICM in mouse blas-
tocyst such as Oct4, Cdx2 and Tead4 [9].

Actin filaments are important for embryo cleavage,
while Rho GTPase RhoA and ROCK are actin-related
proteins that play critical roles in actin organization
and cell polarity. Our recent studies demonstrated
RhoA and ROCK were important for pre-implanta-
tion embryos development [10]. Disruption of their
activities with specific inhibitors impaired embryo
polarization and blastocyst formation [11,12].
Besides the GTPases, actin nucleators such as Arp2/
3 complex also regulated actin filaments in mamma-
lian embryos [13]. The inhibition of Arp2/3 by CK666
caused the failure of embryo cleavage and blastocyst
formation [14]. In addition, the upstream regulators
of Arp2/3, actin nucleation-promoting factors JMY
and WAVE2 were also involved in mouse early
embryo cleavage through mediating actin assembly
[15]. Although several molecules were shown to play
critical roles in embryo compaction and polarity
establishment during early embryo development, the
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underlying molecular mechanism and signaling path-
way for regulating actin dynamics in early embryo
development still need to be explored.

LIMK1 and LIMK2 form the LIMK family of
serine/threonine kinases that regulate actin cytoske-
letal organization for multiple cellular functions such
as cell migration, morphogenesis, cytokinesis, differ-
entiation and oncogenesis. Previous work showed
that LIMK1/2 phosphorylated cofilin for actin
assembly, and the phosphorylated-cofilin could inhi-
bit actin depolymerization and maintained actin
dynamics [16,17]. Recently, LIMK1/2 was shown to
participate in mammalian oocyte meiosis by mediat-
ing cytoskeleton organization [18–20]. However,
whether LIMK1/2 plays roles in mouse early embryo
development is still unknown.

In the present study, we inhibited LIMK1/2
activity by LIMK kinase inhibitor LIMKi 3 (also
called BMS-5) which could inhibit both LIMK1
and LIMK2 to investigate the functions of
LIMK1/2 in mouse early embryo development.
Our results showed LIMK1/2 might regulate
actin assembly through mediating cofilin phos-
phorylation, which was essential for embryo clea-
vage and blastocyst formation.

Materials and methods

Antibodies and chemicals

Rabbit polyclonal anti-p-LIMK1/2 antibody was pur-
chased from Santa Cruz (Santa Cruz, CA, USA).
Phalloidin-TRITC and Alexa Fluor 488 antibodies
were purchased from Invitrogen (Carlsbad, CA,
USA). Rabbit monoclonal anti-p-cofilin antibody
was purchased from Cell Signal Technology. LIMKi
3 was from Calbiochem (Darmstadt, Germany).

In vitro fertilization (IVF) and embryo culture

Animal manipulations were in accordance with
the Animal Research Institute Committee guide-
lines of Nanjing Agriculture University, China.
Female ICR mice (6–8 week) were super-ovu-
lated by intraperitoneal injection of 5 IU preg-
nant mare serum gonadotrophin (PMSG); after
48h, the mice were injected with 5 IU human
chorionic gonadotrophin (HCG). Ovulated meta-
phase II-stage (MII) oocytes were collected from

the ampullae of oviducts and placed in human
tubal fluid (HTF) after 14-15h [21]. Spermatozoa
were collected from adult ICR males epididy-
mides and pre-incubated in HTF for 1h in
mineral oil at 37°C with 5% CO2. after insemina-
tion, fertilized oocytes were washed and cultured
in KSOM (Chemicon, Billerica, MA, USA) med-
ium under paraffin oil at 37°C in a 5% CO2

atmosphere.

LIMKi 3 treatment

A solution of LIMKi 3 in DMSO (50mM) was
diluted in KSOM medium (Chemicon, Billerica,
MA, USA) to a concentration of 200 μM and 400
μM. Then embryos were cultured in KSOM med-
ium for different times and were used for immu-
nofluorescent staining. The control group embryos
were exposed to the same concentration of DMSO.

Immunofluorescent analysis and confocal
microscopy

Embryos were fixed in 4% paraformaldehyde in
PBS for 30 mins at room temperature and trans-
ferred to a membrane permeabilization solution
(0.5% Triton X-100) for 20 mins. Then the
embryos were blocked in 1% BSA-supplemented
PBS for 1h and incubated at 4°C overnight with a
rabbit anti-p-LIMK1/2 (1:50) or anti-p-cofilin
(1:100). After washing three times (three mins
each) with PBS containing 0.1% Tween 20 and
0.01% Triton X-100; embryos were labeled with
Alexa Fluor 488 goat-anti-rabbit IgG (1:100) at
room temperature for 1 h. The embryos were
incubated in 10 μg/ml of Phalloidin-TRITC at
room temperature for 1 h, and then were co-
stained with Hoechst 33342 for 10 mins.
Embryos were mounted on glass slides and exam-
ined with a confocal laser-scanning microscope
(Zeiss LSM 700 META). At least 30 embryos
were examined for each experimental condition.
Different group embryos were used the same para-
meters for confocal microscope.

Fluorescence intensity analysis

Fluorescence intensity was assessed using Image J
software (NIH) according to our previous study
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[22]. For fluorescence intensity analysis, samples
of control and treated embryos were mounted on
the same glass slide. In addition, we used the same
parameters to normalize across replicates. After
immunofluorescent staining, the average fluores-
cence intensity per unit area (for the cortical
region) within the region of interest (ROI) of
immunofluorescence images was examined.
Independent measurements using identically
sized ROIs were taken for the cell cytoplasm.
Average values of all measurements were used to
determine the final average intensities for control
and treated embryos. The fluorescence intensity of
control embryos was standardized as 1. For actin
fluorescence intensity analysis, we measured one
single panel of the central oocytes.

Statistical analysis

At least three biological replicates were used for
each treatment. All statistic results were given as
means ± SEM. Statistical comparisons were made
by analysis of variance (ANOVA), followed by
Duncan’s multiple comparisons test. A p < 0.05
was considered as significant difference.

Results

The distribution of p-LIMK1/2 during early
embryo development

To determine the function of LIMK1/2 during
mouse early embryo development, we first
examined p-LIMK1/2 localization during the dif-
ferent stages of early embryo development since
the phosphorylated LIMK1/2 was the active
form. As shown in Figure 1, we found that
p-LIMK1/2 was mainly located at the cortical
region of each blastomeres at 2-cell, 4-cell and
8-cell stages. And p-LIMK1/2 also expressed at
morula and blastocyst stage in mouse embryos.
We also co-stained p-LIMK1/2 with actin, and
p-LIMK1/2 showed similar localization pattern
with actin at the cortical region of embryos,
which indicated that the functional role of
LIMK1/2 in embryo development might be asso-
ciated with actin filaments.

Inhibition of LIMK1/2 activity causes the failure
of embryo cleavage and blastocyst formation

We next added LIMK1/2 specific inhibitor LIMKi
3 at zygote stage to disrupt LIMK1/2 activity.
After culture for 96 h, we found that few
embryos developed to the morula stage under
the 200μM LIMKi 3 treatment, while the embryos
all failed to d2/2 inhibition under 400μM LIMKi
3 treatment (Figure 2(a)). Statistics analysis data
showed that the rate of 2-cell embryos in the
LIMKi 3 treatment group was significantly
decreased compared with that of control group
(Control: 96.1 ± 2.2%, n = 150; 200μM:
85.7 ± 6.1%, p > 0.05, n = 127; 400μM:
46.1 ± 5.4%, p < 0.05, n = 106). After culture
for 48h, the rate of embryo developing to 4-cell
stage was significantly reduced with the increase
of LIMKi 3 concentration (Control: 94.9 ± 1.6%,
n = 150; 200μM: 72.36 ± 6.9, n = 127, p < 0.05;
400μM: 9.44 ± 0.56, n = 106, p < 0.05). In
addition, the rate of 8-cell embryo was also sig-
nificantly decreased after LIMKi 3 treatment
(Control: 89.6 ± 1.9%, n = 150; 200μM:
63.3 ± 5.8%, n = 127, p < 0.05; 400μM:
0.84 ± 0.8%, n = 106, p < 0.05). After culture
for 96h, most embryos developed to morula/blas-
tocyst in control group (82.6 ± 6.6%), however,
in LIMKi 3 treatment group, embryos failed to
develop to morula/blastocyst, and the percentage
of morula/blastocyst was significantly reduced
(200μM: 52.0 ± 4.38%, n = 127, p < 0.05;
400μM: 0, n = 106, p < 0.05) (Figure 2(b)).
Thus, the results revealed 2 involved in mous/2
involved in mouse embryo early cleavage. 400μM
was used for the following experiments.

After 8-cell stage, embryo undergoes mor-
phogenetic change to prepare for implantation.
To explore whether LIMK1/2 was participated
in this process, we added LIMKi 3 after embryo
developing to 8-cell stage. As shown in Figure 3
(a), most embryos failed to develop to morula
stage and there was no blastocyst formation
after LIMKi 3 treatment. Meanwhile, the rate
of morula embryo was significantly decreased
compare with that of control group (Control:
98.2 ± 0.92%, n = 104; LIMKi 3: 46.5 ± 13.9%,
n = 92, p < 0.05). In addition, none of embryos
in the LIMKi 3-treated group developed to
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blastocyst stage, but there was 76.5 ± 10.7%
embryos developing to blastocyst in the control
group (Figure 3(b)).

Inhibition of LIMK1/2 activity affects cortex actin
amount in mouse embryos

Previous study showed that LIMK1/2 involved in
actin organization, we next explored whether the

effect of LIMK1/2 on embryo cleavage was related
with actin. Our result showed that after cultured for
48h, the actin fluorescence signal at cortex of blasto-
meres was significantly decreased after LIMKi 3 treat-
ment (Figure 4(a)). Furthermore, the fluorescent
intensity of curve showed in the typical picture also
confirmed this (Figure 4(b)). The quantification
results by Image J also showed that the amount of
actin in LIMKi 3 treatment group was significantly

Figure 1. The localization of p-LIMK1/2 during mouse embryo development. From 2-cell to 8-cell stages, p-LIMK1/2 was primarily
localized at cortical region of blastomeres, where it co-localized with actin. And p-LIMK1/2 localized at the apical morula and
blastocyst embryos. Green, p-LIMK1/2; red: actin; blue, DNA. Bar = 20μm.
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decreased compared with the control group (1 vs
0.67 ± 0.1, n = 21, p < 0.05).

LIMK1/2 phosphorylates cofilin during mouse
embryo development

To further explore the regulatory mechanism of
LIMK1/2 in actin assembly during mouse embryo
development, we used immunofluorescent staining
to examine cofilin phosphorylation levels after
LIMKi 3 treatment, since the phosphorylated cofi-
lin was the active form. The result showed that in
LIMKi 3-treated embryos, the fluorescence signal
of p-cofilin decreased, indicating that cofilin phos-
phorylation was altered in the LIMK1/2 inhibition
embryos (Figure 5(a)). The fluorescent intensity of
curve analysis and the quantification of fluorescent
intensity results further confirmed this (1 vs

0.72 ± 0.08, n = 26, p < 0.05) (Figure 5(b)). This
indicated that LIMK1/2 inhibition affected the
phosphorylation level of cofilin in mouse embryos.

Discussion

In the present study, we investigated the possible
roles of LIMK1/2 during mouse early embryo
development. Our results showed that LIMK1/2
might regulate cofilin phosphorylation for cortex
actin assembly during mouse embryo early clea-
vage and blastocyst formation.

We first found that p-LIMK1/2 expressed dur-
ing all stages of early mouse embryo development.
And the embryos at zygote stage failed to cleavage
and reach to blastocyst stage after LIMK1/2 inhi-
bition by LIMKi 3. Moreover, inhibition of
LIMK1/2 from 8-cell stage caused the failure of

Figure 2. Inhibition of LIMK1/2 caused the failure of early embryo cleavage and blastocyst formation. (a) LIMKi 3 treatment caused
the failure of blastocyst formation after culture for 96h. (b) Rate of 2-cell, 4-cell, 8-cell, morula and blastocyst after differential
concentration of LIMKi 3-treated. *, significantly different (P < 0.05).
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embryo compaction. These results indicated the
critical roles of LIMK1/2 in mammalian embryos.
From 2-cell to blastocyst stages, p-LIMK1/2 was
mainly located at cortical area of blastomeres, and
this localization pattern was similar with actin
during embryo development. Actin was localized
at the cortical region of blastomeres and cleavage
furrow during embryo development for embryonic
cleavage [23]. And actin was not only essential for
spindle rotation and pronuclear fusion, but also
involved in polarity establishment during embryo
compaction [24]. After 8-cell stage, embryo began
to undergo compaction which exhibited blasto-
meres adherent and polarized [25]. Meanwhile,
the cell surface and cortical change of blastomeres
were mediated by the proteins that regulated actin
filament polymerization [26]. Together with the
facts that LIMK1/2 was involved in actin

polymerization in different models [18,27–29], we
speculated that the effects of LIMK1/2 on embryo
cleavage and compaction might be associated with
actin-mediated cytokinesis.

In our study, although we did not examine
the intracellular actin network due to its hard
judgment in one single blastomere, inhibition of
LIMK1/2 by LIMKi 3 caused the aberrant cortex
actin amount, which further demonstrated our
hypothesis. Our result was similar with the effect
of actin nucleation factors Arp2/3 complex on
embryo development showing with that CK666
treatment disrupted embryo cleavage and blasto-
cyst formation [14,30]; in addition, recent study
showed that Rho family GTPases Rho, Rac1 and
Cdc42 were critical for embryo polarity estab-
lishment and compaction during early embryo
development [11,31,32]. Rho and Cdc42 could

Figure 3. Inhibition of LIMK1/2 caused the failure of embryo compaction and blastocyst formation. (a) Embryo failed to compaction
and blastocyst formation after LIMKi 3 treatment. (b) The percentage of morula and blastocyst were significantly decreased after
LIMKi 3-treated at 8-cell stage. *, significantly different (P < 0.05).
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Figure 4. Inhibition of LIMK1/2 disrupted actin assembly during early embryo development. (a) After culture for 48h, the control
embryo developed to 4-cell stage, while in a proportion of LIMKi 3 treated embryos were arrested at 2-cell stage, and cortex actin
signal was significantly reduced. In addition, although some embryos developed to 4-cell, the actin signal decreased compared with
the control group. (b) The fluorescence intensity curve analysis showed a comparison of the actin fluorescence intensity of
representative embryos (white line). (c) The fluorescent signal of actin was significantly decreased after LIMKi 3 treatment. Red:
actin; blue, DNA. Bar = 20μm; *, significantly different (P < 0.05).

Figure 5. Inhibition of LIMK1/2 reduced the phosphorylation of cofilin during mouse early embryo development. (a) After culture for
48h, the immunofluorescent staining result demonstrated that the phosphorylation of cofilin was decreased. (b) The fluorescence
intensity curve showed a comparison of the p-cofilin intensity of representative embryos in Figure 5(a) (white line). The histogram
result suggested that the phosphorylation level of cofilin was significantly decreased compare with control embryos. Bar = 20μm; *,
significantly different (P < 0.05).
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induce actin cytoskeletal reorganization by med-
iating LIMK2 activity, and LIMK1 participated
in the regulation of Rac1 on actin dynamics [33].
These facts suggested that LIMK1/2 might be an
essential for actin reorganization during early
embryo development.

Cofilin was an actin-severing protein belong-
ing to ADF/cofilin family which promoted actin
dynamics by depolymerizing and severing preex-
isting filaments [34]. The activity of cofilin was
directly suppressed by LIMK1/2 through phos-
phorylation on the N terminal serine 3 residue
[35]. And cofilin was essential for cell adherence
and polarization during embryo compaction: the
depletion of cofilin could promote embryo com-
paction after 8-cell, which indicated that cofilin
involved in mouse early embryo compaction and
blastocyst formation by mediating actin assem-
bly [36]. Our results showed that inhibition of
LIMK1/2 by LIMKi 3 decreased cofilin phos-
phorylation level in 2-cell stage, which was con-
sisted with previous work showing that the level
of phosphorylation of cofilin was severely
impaired in the LIMK1/2 double knockout
mice [37]. In addition, this work showed that
LIMK1/2 double knockout mice were fertile,
indicating that LIMK1/2 might partly affect
oocyte maturation for the litter size. Recently
another work showed that LIMK1 inhibitor
BSM3 could disrupt spindle formation and chro-
mosome alignment in mouse oocyte [19]; there-
fore, a compensation mechanism for oocyte
meiosis and embryo development may exist in
LIMK1/2 double knockout mice.

In summary, our study provided direct evi-
dence of the involvement of LIMK1/2 in mouse
early embryo development; meanwhile, the func-
tion of LIMK1/2 might be through the regula-
tion of cofilin phosphorylation level for actin
assembly.
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